The nitrogenase metalloenzyme family, essential for supplying fixed nitrogen to the biosphere, is 20 one of life's key biogeochemical innovations. The three isozymes of nitrogenase differ in their 21 metal dependence, each binding either a FeMo-, FeV-, or FeFe-cofactor where the reduction of 22 dinitrogen takes place. The history of nitrogenase metal dependence has been of particular interest 23 due to the possible implication that ancient marine metal availabilities have significantly 24 constrained nitrogenase evolution over geologic time. Here, we reconstructed the evolutionary 25 history of nitrogenases, and combined phylogenetic reconstruction, ancestral sequence inference, 26 and structural homology modeling to evaluate the potential metal dependence of ancient 27 nitrogenases. We find that active-site sequence features can reliably distinguish extant Mo-28 nitrogenases from V-and Fe-nitrogenases, and that inferred ancestral sequences at the deepest 29 nodes of the phylogeny suggest these ancient proteins most resemble modern Mo-nitrogenases. 30
INTRODUCTION 41
All known life requires nitrogen for the synthesis of essential biomolecules, including nucleotides 42 and amino acids. However, though the atmosphere contains nearly 80% N2 by volume, most 43 organisms are not able to assimilate N2. Select bacteria and archaea called diazotrophs accomplish 44 biological nitrogen fixation by nitrogenase metalloenzymes (E.C. 1.18.6.1) that catalyze the 45 reduction of N2 to bioavailable NH3. Both phylogenetic and geochemical evidence suggest that 46 nitrogenases are an ancient family of enzymes; time-calibrated phylogenies place the evolution of 47 nitrogenases at ~1.5-2.2 billion years ago (Ga) (Boyd, Anbar, et al., 2011) , and the oldest potential 48 isotopic biosignatures of nitrogenase activity date even further back to ~3.2 Ga (Stueken, Buick, 49 Guy, & Koehler, 2015) . Because nitrogen has been suggested to be an important limiting nutrient 50 on geologic timescales (Falkowski, 1997) , nitrogenases have likely played a key role in the 51 expansion of the biosphere for much of Earth's history. 52
53
The nitrogenase family consists of three homologous isozymes 54 Raymond, Siefert, Staples, & Blankenship, 2004) named after the differential metal content of the 55 active-site cofactor: Mo-nitrogenase (Nif, encoded by nif), V-nitrogenase (Vnf, encoded by vnf), 56 and Fe-nitrogenase (Anf, encoded by anf) (Bulen & LeComte, 1966; Eady, 1996; Joerger & 57 Bishop, 1988; Mus, Alleman, Pence, Seefeldt, & Peters, 2018) ( Figure 1 ). Of the three isozymes, 58
Mo-nitrogenases are the most common and widely studied; V-and Fe-nitrogenases are 59 comparatively rarer and only known in taxa that also possess Mo-nitrogenase (Boyd, Hamilton, et 60 al., 2011 ; Dos Santos, Fang, Mason, Setubal, & Dixon, 2012) . All three nitrogenase isozymes are 61 structurally and functionally similar, each containing two protein components: the electron 62 delivery component (NifH, VnfH, or AnfH) is a homodimer and the catalytic component is either 63 specificity. At a higher level, constraints arise from the partner proteins that constitute the 87 biosynthetic mechanism for active-site cofactor assembly and insertion, best studied in Mo-88 nitrogenases (Curatti et al., 2007; Rubio & Ludden, 2008) Shah et al., 1986; Tal et al., 1991) . 96
In A. vinelandii, nifE and nifN loci are located just downstream of the nifHDK cluster, whereas the 97 nifB locus is located within a separate nif region near other regulatory and biosynthetic nif genes 98 (Setubal et al., 2009 ). NifB catalyzes the formation of a Fe-S-C metallocluster, a precursor that 99 forms the core of the mature FeMo-cofactor (Allen, Chatterjee, Ludden, Hu & 100 Ribbe, 2011). This precursor metallocluster is then transferred to a protein heterotetramer 101 composed of NifE and NifN subunits (Allen et al., 1995; Roll, Shah, Dean, & Roberts, 1995) , 102 homologous to NifD and NifK, respectively, and likely having arisen by gene duplication (Boyd, 103 Anbar, et al., 2011) . Within NifEN, the precursor is further modified via the addition of 104 homocitrate and Mo, and the mature cofactor is subsequently transferred to the nitrogenase NifDK 105 catalytic protein component (Roll et al., 1995) . Unlike that for the FeMo-cofactor, the biosynthetic 106 pathways for the formation of the FeV-and FeFe-cofactors are relatively unknown. However, 107 transcriptional profiling of the three nitrogenase systems in A. vinelandii suggests that FeV-and 108
FeFe-cofactor synthesis relies on several nif genes in addition to vnf and anf genes, respectively 109 Joerger & Bishop, 1988 ; Kennedy & Dean, 1992) . These include nifBEN 110 for most alternative gene clusters, with the exception of certain taxa (including A. vinelandii) that 111 possess vnfEN homologs of nifEN that likely perform a similar biosynthetic function (Boyd, Anbar, 112 et al., 2011; Boyd & Peters, 2013; . 113 114 Paleobiological interest in nitrogenases has primarily centered on the coevolution of nitrogenase 115 metal usage and the geochemical environment, with the possible implication that marine metal 116 availabilities have significantly constrained nitrogenase evolution over geologic time (Anbar & 117 Knoll, 2002; Canfield, Glazer, & Falkowski, 2010; Raymond et al., 118 2004 ). Inferences of ancient nitrogenase metal usage have relied on isotopic biosignatures 119 (Stueken et al., 2015) and metal abundances (Anbar & Knoll, 2002) evidenced by the geologic 120 record, as well as on phylogenetic reconstructions of both catalytic and cofactor biosynthesis 121 proteins (Boyd, Anbar, et al., 2011; Raymond et al., 2004) . High 122 marine Fe concentrations and potential Mo scarcity prior to increased atmospheric oxygenation 123 surrounding the ~2.3-2.5 Ga Great Oxidation Event (Anbar et al., 2007; Lyons, Reinhard, & 124 Planavsky, 2014) has led to the hypothesis that Fe-or V-nitrogenases may have been dominant in 125 early oceans (Anbar & Knoll, 2002; Canfield et al., 2010) and possibly predate Mo-nitrogenases 126 (Raymond et al., 2004) . More recent phylogenetic reconstructions have instead suggested that the 127 evolution of Mo-nitrogenases, dated by time-calibrated phylogenies of Nif/Vnf/AnfDKEN 128 sequences to ~1.5-2.2 Ga (Boyd, Anbar, et al., 2011) , preceded that of V-and Fe-nitrogenases 129 . These phylogenetic inferences are also consistent with the 130 observation that vnf and anf genes are only present in organisms that also harbor nif, and that V-131 /Fe-nitrogenase assembly relies on nif biosynthetic genes Joerger & Bishop, 132 1988; Kennedy & Dean, 1992 Shah et al., 1986; Tal et al., 1991) . Through this combined approach, we access 152 ancestral enzyme sequence features suggestive of ancient Mo-dependence. We further present 153 phylogenetic data that suggests that the ancient Mo-utilization was potentially achieved via a 154 unique pathway for the synthesis of the FeMo-or similar cofactor that may be present in poorly 155 characterized, basal lineages. Integration of protein evolution and paleobiology is a unique 156 melding of disparate data sets; this approach may provide hypotheses that address interactions 157 ranging from the external environment to the cellular environment, and from the cellular 158 environment to that maintained around the interacting protein. The exchange of materials across 159 these different scales necessitates constraints on the flow and availability of substrates that make 160 such exchanges possible. It is the specific nature of these constraints and how they may change in 161 (Appendix S1; additional analyses were performed with an expanded outgroup, Appendix S2). 181
Only one Nif/Anf/VnfHDK sequence set was retained per genus to broaden taxonomic sampling. 182
Equal sequence sampling for Anf and Vnf was made to remove the potential for oversampling bias 183 in ancestral sequence inference. H-, D-, and K-subunit sequences corresponding to each taxon 184 were manually checked for synteny of their encoding genes. AnfHDK and VnfHDK sequences 185 were identified by the proximity of each gene locus to anfG or vnfG, which encodes the additional 186 G-subunit present in the VeFe or FeFe protein, respectively, but not present in the MoFe protein 187 (Eady, 1996) (Anisimova & Gascuel, 2006) , which assesses the gain in overall likelihood against a null 200 hypothesis of branch length = 0. Additional phylogenetic reconstructions with an expanded 201 outgroup were performed outside of Phylobot to resolve root positioning, but were not used in 202 subsequent ancestral sequence inference (Appendix S2). Ancestral sequences were inferred by 203 joint maximum likelihood using CODEML v4.2 (Yang, 2007) corresponding residues in other extant homologs and inferred ancestral sequences were identified 233 by multiple sequence alignment using MAFFT (Katoh & Standley, 2013) . For each sequence in 234 the labelled dataset and residue in the active-site, the probability distribution over all 20 possible 235 amino acids was inferred by averaging (1) the observed distribution for that sequence (which 236 places probability 1.0 on the observed residue, (2) the probability distribution that would be 237 (ranked by log likelihood scores), reconstructed by varying alignment methods, amino acid 313 substitution models, and rate heterogeneity models (Tree-2-Tree-5; Appendix S2). The 314 aforementioned major nitrogenase clades are present across all alternate phylogenetic topologies. 315
Branch ordering of these major clades is similarly consistent, with the exception of root position: 316 in Tree-3 and Tree-5, the root is placed between Nif-I and Nif-II/uncharacterized/Anf/Vnf, rather 317 than between Nif-I/Nif-II and uncharacterized/Anf/Vnf as in Tree-1, Tree-2, and Tree-4. 318
Nevertheless, additional phylogenetic analyses incorporating an expanded outgroup provide 319 stronger support for the root position of Tree-1, Tree-2, and Tree-4 (Appendix S2). sequences are hereafter labeled with the tree likelihood rank from which they were inferred (e.g., 389
AncA from Tree-1 is labeled AncA-1). All tree and ancestral sequence information can be found 390 at http://phylobot.com/613282215/. 391 392 Mean site posterior probabilities for ancestral nitrogenase HDK sequences across all phylogenies 393 range between ~0.83 and 0.91, and for the highest-likelihood phylogeny (Tree-1), between ~0.84 394 and 0.90 (Appendix S4). Ancestral sequence support generally decreases with increasing 395 phylogenetic node age. For example, within the uncharacterized/V-/Fe-nitrogenase linage, AncA-396 1 has the highest mean posterior probability (0.90 ± 0.18) and AncD-1 has the lowest mean 397 posterior probability (0.84 ± 0.22). Mean ancestral sequence probability for each node also does 398 not deviate by more than ~0.02 across each of the five phylogenetic topologies (Tree-1-5; 399
Appendix S4). These observations suggest that sequence support for ancestral nitrogenases is more 400 sensitive to ancestral node position than to topological differences between the analyzed trees. We first assessed the sensitivity of ancestral sequence variation to phylogenetic uncertainty and 432 ancestral statistical support. Overall, mean identities for ancestral sequences compared across 433 different nodes range from ~55 to 90%. Ancestral sequences inferred from the same node across 434 alternate phylogenies (Tree-1-5) have relatively high mean identities, ranging from ~93 to 95% 435 across the total HDK sequence and from ~96 to 100% within the active site. These high mean 436
identities suggest that topological differences among the alternate phylogenies used for ancestral 437 sequence inference do not contribute to a high degree of ancestral sequence variation. Identities 438 among sequences inferred from the same node also do not appear to be correlated with statistical 439 support. For example, though full AncA HDK sequences are reconstructed with the highest mean 440 statistical support (~0.89-0.91), they exhibit neither the lowest nor the highest mean identities as 441 compared with sequences inferred from other nodes (Appendix S4). 442
443
We next identified specific residues within the nitrogenase active site that are unique to particular 444 isozymes of known metal dependence in order to survey their occurrence in ancestral sequences. 445
We found that three active-site residues are unique to Mo-nitrogenases (Ala-65, Arg-96, Gln-440), Though we are unaware of any experimental mutagenesis studies identifying a role for these 450 uniquely conserved residues, we hypothesize that these residues may contribute to the metal 451 specificity of the active-site environment. Surprisingly, most nitrogenase ancestors exhibit 452 comparable numbers of residues unique to either V-/Fe-nitrogenases or Mo-nitrogenases, and thus 453 their occurrence does not appear informative for inferring ancestral metal dependence (e.g., 454
ancestral AncC sequences contain two residues unique to V-/Fe-nitrogenases and two residues 455 unique to Mo-nitrogenases). An exception is AncA sequences, which contain a preponderance of 456 active-site residues that are unique to extant V-and Fe-nitrogenases. One of the residues unique 457 to only V-nitrogenases, Thr-355, has recently been suggested to interact directly with a proposed 458 (Table S6 -1). Classification 501 support (reported as distance of each data sample from the support-vector hyperplane defining the 502 inferred class) for ancestral sequences is nearly identical across different ancestors inferred for the 503 same phylogenetic node (Table S6 -1). There is little difference in classification support between 504 ancestors inferred from a MUSCLE alignment as from a MSAProbs alignment, with the exception 505 between AncA-4 (inferred from MUSCLE alignment) and other AncA sequences (inferred from 506 MSAProbs alignment). Support for AncA-4 classification is -0.0884 (for Nif), 2.1059 (for Vnf), 507 and 0.9685 (for Anf), as opposed to mean support for other AncA sequences, 0.9774 ± 0.0023 (for 508 Nif), 2.0626 ± 0.0056 (for Vnf), and -0.0455 ± 0.0046 (for Anf) (greater distance indicates greater 509 support for the inferred classification). These probability-distribution-based classification results 510 are consistent with the sequence-identity based comparisons, the latter of which similarly suggest 511 higher identity between most uncharacterized/ancestral (AncB-E) sequences and extant Mo-512 nitrogenases than V-/Fe-nitrogenases. It is perhaps not surprising that the inclusion of the inferred 513 ancestral probability distributions does not substantially change classifications of metal 514 dependence, given that the support for active-site residues is high (>0.92), and that, of these, only 515 five sites are reconstructed with plausible alternate states (alternate residues with probability 516 >0.30) (See Section 3.3 for further details). 517 518 3.5 Active-site structural features are uninformative for inferring ancestral metal 519 dependence 520
To investigate metal-specific features of ancestral nitrogenase structures, we generated homology 521 models of both extant and ancestral nitrogenase D-subunits that house the active site (Figure 5a ). 522
First, we modeled 33 broadly sampled extant nitrogenase NifD, VnfD, and AnfD sequences to 523 benchmark classifications of ancestral nitrogenase models. Second, we calculated structural 524 models of 25 nitrogenase ancestors inferred by maximum likelihood and of 2,500 ancestors 525 inferred by random Bayesian sampling of maximum likelihood site posterior probabilities (100 526
Bayesian samples per maximum likelihood ancestor). We generated ten model replicates per extant 527 sequence and maximum likelihood sequence, and one model per Bayesian-sampled sequence. All 528 structures were modeled with the FeMo-cofactor included (additional modeling runs were 529 executed with the FeV-cofactor included; Appendix S3). In total, 3,080 models were generated 530 with the FeMo-cofactor. 531 532 For each of the 3,080 extant and ancestral D-subunit nitrogenase models, we calculated the volume 533 of the active-site pocket (Figure 5b Most recent phylogenetic analyses also indicate that V-and Fe-nitrogenases are derived from Mo-573 nitrogenases, the latter having originated subsequent to the gene duplication event that produced 574 nifE and nifN (Boyd, Anbar, et al., 2011) . However, the precise trajectory of metal-binding 575 evolution in the nitrogenase family is not completely known, and discrepancies between current 576 phylogenetics-based models and the geochemical record of nitrogen fixation (e.g., (Stueken et al., 577 2015)) remain. 578
579
We used phylogenetic reconstruction, ancestral sequence inference, and structural homology 580 modeling to explore outstanding questions of early nitrogenase evolution and metal dependence. We therefore explored active-site features of ancestral nitrogenases for correlations with metal 594 dependence. 595
We find that modeled active-site structural features are not informative for the inference of 596 ancestral metal dependence. Pocket volumes of modeled extant nitrogenases do not appear to be 597 strongly correlated with metal cofactor content. Problematically, the predicted volume ranges of 598 oldest ancestors (as well as those of uncharacterized nitrogenases) overlap with both V-and Mo-599 nitrogenases ( Figure 6 ). We acknowledge that these homology modeling results may not precisely 600 reflect true biological differences (for which a comprehensive analysis is not yet possible due the 601 limited availability of V-and Fe-nitrogenase structures). This is illustrated by the difference 602 between pocket volumes of published structures and those of homology models (e.g., A. vinelandii 603 PDB 3U7Q NifD structure pocket volume ≈ 994.750 and mean A. vinelandii NifD modeled 604 structure pocket volume ≈ 1186.412). However, it is not surprising that active-site pocket volume 605 does not predict metal dependence, given the probable similar sizes and structures of the FeMo-, 606
FeV-, and FeFe-cofactors (Eady, 1996 homology modeling, not available at the time of the previous study, (2) we modeled 20 extant 614 sequences of known metal dependence rather than 12, (3) we used consistent, explicit parameters 615 for both homology modeling and pocket volume calculation across all sequences , (4) we included 616 modeling replicates for pocket volume calculation. In summary, our expanded modeling analyses 617 reveals a reduced efficacy of the pocket volume parameter for inference of ancestral (and 618 uncharacterized) nitrogenase metal dependence. 619 620 Unlike structure-based analyses, we find that active-site sequence features do reliably differentiate 621
Mo-nitrogenases and V-/Fe-nitrogenases, as was also previously noted by McGlynn and coauthors 622 (2012). We find that both sequence-based and probability-distribution-based analyses are thus 623 useful for classifying nitrogenases of unknown metal dependence, and are robust to the underlying 624 uncertainty of ancestral sequence inference (Section 3.4; Appendix S6). Regarding AncA 625 (ancestral to V-and Fe-nitrogenases), we identified specific active-site residues that have 626 previously been suggested to interact with a proposed carbonate ligand not present in the FeMo-627 cofactor. These residues form a 355 (Figure 4a ; Appendix S6). This observation is particularly significant given that these 643 same patterns are not observed across the total HDK sequence (Figure 4b) . Specifically, this 644 discrepancy supports the notion that the nitrogenase active-site has adapted to the catalytic 645 properties of each metal cofactor over its evolutionary history , and that 646 this adaptation has manifested in active-site sequence differences that stand apart from baseline 647 phylogenetic distance. Though we are not able to identify specific residues or motifs that may 648 functionally be attributed to metal dependence (as with AncA), the resemblance of the early 649 ancestral nitrogenase active site to those of Mo-nitrogenases is highly suggestive of an ancient role 650 for an active-site cluster resembling the FeMo-cofactor. 651 652
A proposed model for the evolution of nitrogenase metal dependence over geologic time 653
Despite the lack of information provided by structural analyses, the active-site sequence features 654 of oldest ancestral sequences (i.e., AncB-E) support the inference that these early nitrogenase 655 incorporated the FeMo-cofactor or similar cluster. However, the observation that ancestral AncC 656 and AncD active sites in particular most resemble those of extant Mo-nitrogenases is at odds with 657 the phylogenetic distribution of nifE and nifN genes, which suggest that early-branching 658 conclude that uncharacterized AncC-D ancestors similarly lacked one or more nifEN genes. A 674 more recent, previously published topology is more similar to the tree presented here, though 675 lacking in Clfx sequences and thus missing relevant information regarding the lack of associated 676 biosynthetic components for early-diverged homologs (Boyd & Peters, 2013) . It is possible that 677 the larger and more broadly sampled sequence dataset used here has refined the placement of these 678 uncharacterized clades, which is supported by our analyses with an expanded outgroup that 679 maintains the positions of Clfx and F-Mc sequences (Appendix S2). 680 681 At least two possible models might resolve the discrepancy between inferred early Mo-dependence 682 and suggested lack of cofactor biosynthesis genes: (1) The last common nitrogenase ancestor 683 represented in our tree was in fact hosted by an organism that possessed nifEN genes and was able 684 Nif-II taxa). 698
699
We prefer the second model for several reasons: 700
701
(1) It is evolutionarily unlikely for a portion of the FeMo-cofactor biosynthetic pathway to be lost 702 in Clfx and F-Mc taxa. To our knowledge, no other Mo-nitrogenases are known to lack associated 703 nifEN genes, suggesting that the canonical biosynthetic pathway for the FeMo-cofactor is 704 selectively advantageous (anf and vnf gene clusters typically lack dedicated scaffolding genes and 705 co-opt nifEN; Mus et al., 2018) ). Rather, it is more parsimonious to infer 706 that these early-branching uncharacterized clades diverged prior to the nifDK duplication that 707 produced nifEN, as is evidenced by the nesting of nifEN genes within nifDK clades in previous 708 phylogenetic reconstructions (Boyd, Anbar, et al., 2011) . 709
710
(2) It has previously been proposed that early nitrogenases may have been capable of reducing 711 nitrogen prior to the development of the canonical FeMo-cofactor biosynthetic pathway (Boyd, 712 Hamilton, et al., 2011; Boyd & Peters, 2013; Mus, Colman, Peters, & Boyd, 2019; Soboh, Boyd, 713 Zhao, Peters, & Rubio, 2010) . Further, an ancient Mo-independent nitrogenase may have been 714 capable of -albeit inefficiently -reducing nitrogen by a cofactor resembling the Fe-S-C cluster 715 assembled by NifB, which constitutes the biosynthetic precursor to the FeMo-cofactor (Boyd & 716 Peters, 2013; Mus et al., 2019; Soboh et al., 2010) . Though our sequence analyses cannot fully 717 assess ancestral nitrogenase dependence for a NifB-cofactor, it is likely that the NifB-cofactor 718 resembles the structure and composition of the FeFe-cofactor, excepting homocitrate (Corbett et 719 al., 2006; Guo et al., 2016; Harris, Lukoyanov, et al., 2018) . However, the greater similarity of 720
AncC-D active sites to those of Mo-nitrogenases than Fe-nitrogenases likely suggests ancestral 721 dependence on a cofactor incorporating Mo rather than only Fe, as would be the case for the NifB-722 cofactor. Instead, it is possible that, lacking nifEN, an alternative and/or simplified pathway for 723
FeMo-or similar cofactor synthesis may have acted as a transition state between such an Mo-724 independent stage (i.e., binding a cluster resembling the NifB-cofactor; (Boyd & Peters, 2013; 725 Mus et al., 2019) ) and the development of the canonical FeMo-cofactor biosynthetic pathway. It 726 is thus reasonable to speculate that this transition to Mo-usage may be exhibited by AncC-D 727 ancestors. 728
729
(3) Mo-nitrogenases are far more efficient at reducing nitrogen than other isozymes (Eady, 1996;  FeMo-cofactor biosynthetic pathway, resulting in more refined nitrogenase Mo-dependence. In 770 the fourth stage, gene duplication of nif results in, first, vnf, followed by anf (Figure 7d 
